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ABSTRACT

In this report we present the results of a statistical study of a year of data obtained as

part of the STAR Laboratory's global survey of ELF/VLF radio noise (frequencies in the

range 10 Hz to 32 kHz). The data included in the study were obtained during the one-

year period December 1986 through November 1987 from seven measurement instruments

("radiometers") located at both high and low latitudes. Average amplitude and voltage

deviation (Vd) statistics from each of the six stations were first divided into four three-

month seasons and then averaged at every measurement frequency to give two separate sets

of long-term averages.

The first set of averages was obtained by further dividing the measurements into the

six 4-hour time blocks in a day and averaging within these hourly blocks across an entire

season (e.g., all measurements made between 0000 to 0400 UT for a season were averaged

together). This process resulted in a set of six spectral distributions for each season. Thus,

the averages emphasize diurnal trends in the noise amplitudes and Vd values. The second

set of long-term average was obtained by averaging all measurements taken during a season

and thus obtaining one spectral distribution for each season. This long-term average shows

seasonal features in the noise amplitude and Vd values.

Both sets of long-term averages show characteristic trends in the measurements due to

the manner in which noise propagates in the earth-ionosphere waveguide. The average

amplitudes of the measurements decrease with frequency, reaching a minimum around 1

kHz, and rise again towards 10 kHz. The Vd amplitudes generally rise with frequency except

for a depression of values around 1 kHz. FAccesinn For
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1. INTRODUCTION

As we have previously reported [i, 2, 3] our laboratory is presently conducting a global

survey of extremely-low frequency (ELF; 5 Hz-3 kHz) and very-low frequency (VLF, 3 kHz-

30 kHz) radio noise covering frequencies in the range 10 Hz-32 Hz. Noise statistics at all

eight measurement locations are dorniiated by lightning-generated noises (predominantly

sferics). Data from our three high latitude radiometers (Thule (TH; 76.5 N, 68.8 W) and

Sondrestrrmfjord (S5; 67.00 N, 50.10 W) in Greenland, and Arrival Heights (AH; 77.80 S,

193.30 W) in the Antarctic) include samples of polar hiss and greater amounts of other

ELF/VLF radio noise of magnetospheric origin, such as chorus, than measurements made at

our five lower latitude radiometers (Grafton, New Hampshire (43.60 N, 72.0° W); L'Aquila,

Italy (43.40 N. 13.30 E); Stanford, California (37.4* N, 122.20 W); Kochi, Japan (33.30 N.

226.50 W); and Dunedin, New Zealand (45.80 S, 189.50 W)). A map showing the geographical

locations of these stations is given in Figure 1.

The radio noise statistics computed continuously at each of the stations consist of the

average, root-mean-square (rms), maximum, and minimum amplitudes in 16 narrow fre-

quency bands (5% bandwidth) distributed over the ELF and VLF ranges (Table 1). They

are computed at the end of every minute from 600 amplitude measurements made at the

rate of 10 per second on the envelope of the noise signal emerging from each narrow-band

filter (during calibration the number of measurements is reduced but never to less than 400

measurements/minute). In addition to these recordings, synoptic broadband ELF digital

recordings are made for one minute every thirty minutes and synoptic broadband VLF ana-

log recordings are made for one minute every hour. Processing of the narrow-band digital

data can, with little additional computation, give the voltage deviation (Vd), effective an-

tenna noise factor (F.), and amplitude probability distributions (APD's). These various

statistical quantities are widely used to characterize radio noise, and they are described in

several reports issued by the International Radio Consultative Committee, or CCIR [4, 5].

Although we have made comparisons at 32 kHz between our noise data and the F. statistics

presented in the CCIR reports [6], we are unable to make comparisons at all frequencies

because 14 of our 16 measurement frequencies are below the 10 kHz minimum frequency for

the CCIR statistics.



TABLE I. Center frequencies and bandwidths for the 16 channels of the ELF/VLF noise
measurement syst'.rns.

Channel Center Frequency Bandwidth (5%)

1 10 Hz 0.5 Hz

2 30 1.5

3 80 4

4 135 6.75

5 275 13.75

6 380 19

7 500 25

8 750 Hz 37.5

9 1 kHz 50

10 1.5 75

11 2 100

12 3 150

13 4 200

14 8 400

15 10.2 510

16 32 kHz 1600 Hz

2. AMPLITUDE MEASUREMENTS

2.1. Data Analysis

The one-minute average data obtained from the stations can be processed in many different

ways to give additional information about the morphology of ELF/VLF noise [7, 8]. One

important form of processing we use is the computation of average amplitudes over long time

intervals, such as three months. The upper panel of Figure 2 shows a three-month average
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using data collected at Kochi, Japan (our station of lowest geographic latitude) during winter

(December, January, February). Each day was divided into six periods of four hours and

the one-minute average amplitudes were averaged together according to the time of day in

which they were measured. (For example, all measurements taken between 0000 to 0400

Universal Time (UT) were averaged to obtain one value at each measurement frequency.)

The result is the set of six spectral distributions that provide information about the diurnal

variation of the ELF/VLF noise spectrum rt Kochi during the winter of 1986. Figures 2-3

are similar plots showing the variations at Kochi in spring (March, April, May), summer

(June, July, August) and autumn (September, October, November) of 1987. Graphs derived

in an identical manner are presented in Figures 4-15 for the same 1986-1987 seasons at

six other stations arranged in order of increasing geographic latitude: Stanford, L'Aquila,

Dunedin, Sondrestrornljord, Thule, and Arrival Heights. Although two of our stations are in

the southern hemisphere we have used the northern hemisphere season names when referring

to specific three-month periods in an effort to retain consistency in our nomenclature. Thus,

we have used the season 'winter' to describe the months December, January, and February

regardless of the hemisphere in which the station is located.

One-minute amplitude measurements were also averaged for each three-month season in

the 1986-1987 year at each of the sixteen measurement frequencies in order to define any

seasonal trends in the ELF/VLF noise. The results obtained for each station during the four

seasons between December 1986 and November 1987 are shown in Figures 16-19.

2.2. Discussion

The ELF noise amplitudes measured at Thule and L'Aquila below 135 Hz are consistently

an order of magnitude greater than those from other stations. Although Thule is considerably

closer to a geomagnetic pole than any of our other stations [9], there is no reason to expect

higher ELF noise amplitudes near a geomagnetic pole and there is no previous record of

such measurements. At this time we tentatively ascribe the high amplitudes to broad band

ELF interference from the nearby air base. The higher ELF noise amplitudes at L'Aquila

are almost certainly due to interference from the Italian electric railroad system [10].

The amount of usable data collected by the radiometer at Thule is reduced to half by the

3



operation of the nearby Thule lonosonde. The ionosonde operates in two-hour periods every

other two-hour period (0000-0200 UT, 0400-0600 UT,..., 2000-2200 UT). Although the pri-

mary frequencies produced by the ionosonde range from 10 to 30 kHz, we see contamination

at all our measurement frequencies during its periods of operation and thus exclude from

our statistical studies all measurements made during these periods.

The measurements made at 32 kHz by the radiometer at Stanford University during the

year of data used in this study have been found to be contaminated by a narrowband signal or

modulation product at *.31.5 kHz that appears to be man-made in origin. An examination

of our broadband recordings has showed that this signal occurring sporadically with different

strengths at different times throughout the 1986-1987 year.

The 10.2 kHz measurement channel of the radiometers coincides with one of the broad-

cast frequencies of the globally-located Omega navigation stations. As a result, the data

from this channel are occasionally contaminated with the navigation signals. The extent of

this contamination depends on the location of the radiometer with respect to the Omega

stations and the propagation characteristics of the path between them. The signals are read-

ily identified by examining one-minute synoptic VLF broadband recordings that are made

automatically by each radiometer every hour.

The graphs cf average noise amplitudes from each station show many of the same general

trends. All exhibit a •1/f decrease of amplitude with frequency culminating in a depression

of amplitudes around 1 kHz. At higher frequencies the amplitudes rise again, creating an

elevation of amplitudes around 10 kHz. Much of this general morphology can be attributed to

the characteristics of the earth-ionosphere waveguide. At ELF frequencies only the transverse

electromagnetic (TEM) waves can propagate through the guide. As the frequency increases

the attenuation of TEM waves in the earth-ionosphere waveguide also increases reducing the

amplitude of noise measured at higher frequencies. Around 1-3 kHz the first-order modes of

quasi-transverse electric (QTE) and quasi-transverse magnetic (QTM) waves can propagate.

As the frequency increases, higher order QTE and QTM modes contribute to the propagation

of noise [11]. Thus, the levels of noise begin to increase around 1-3 kHz when the QTE and

QTM modes begin to contribute to noise propagation.
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3. Vd MEASUREMENTS

3.1. Data Analysis

We processed seasonal averages of the one-minute V4 measurements for each of the six

stations in a manner identical to the average amplitude measurement processing. One-

minute averages of the V1 measurements were averaged over a three-month season for each

of the six four-hour time divisions of a twenty-four-hour UT day at each of the sixteen

measurement frequencies. Figures 20--33 show the results using all available data from De-

cember 1986 to November 1987 for the seven stations, Kochi, Stanford, L'Aquila, Dunedin,

Sendrestromfjord, Thule, and Arrival Heights

The seasonal variations may be examined by averaging the one-minute V1 measurements

in each three-month season and comparing the seasons over an entire year. Figures 34-37

are the seasonal averages for the six stations from December 1986 to November 1987.

3.2. Discussion

Vd is a measure of the 'spikiness' of noise data and is computed by taking the ratio

(in dB) of the rms amplitude to the average amplitude. For example, noise with Gaussian

distributions of both amplitude and phase is characterized by a Rayleigh distribution and has

a Vd of 1.05 dB [12]. Distributions containing a greater percentage of measurements at very

high amplitudes have greater Vj amplitudes. Natural ELF/VLF noise contains sferics, or

lightning-generated bursts of energy, that can have high amplitudes and thus, depending on

the amount of lightning activity, can give values of Vj considerably higher than a Rayleigh

distribution. Most of the Vd values measured at our stations lie in the range 1 -10 dB.

However, a sharp minimum occurs near 1 kHz at almost every station. The values of V1 in

this minimum are often below those typical of a Rayleigh distribution, and they sometimes

drop as low as 0.1 dB, as shown in the lower panel of Figure 35. Low valu :b of Vd are known

to occur when measurements are made of a sinusoidal signal within atmospheric noise. An

increase in the signal-to-noise ratio results in a decrease in Vd [12]. We believe the reduction

of natural noise around 1 kHz, due to the earth-ionosphere waveguide cutoff, allows the

detection of very weak coherent signals, such as local man-made noise, that are normally



below the level of natural activity. Apart from the depression of Vd around 1-3 kHz, the

values of Vd tend to increase with increasing frequency indicating that noise becomes more

impulsive at higher frequencies.

4. CONCLUSION

We have presented long-term statistics of average amplitude and Vj/ statistics from our

global array of ELF/VLF radio noise measurement systems. Data from six stations were

individually averaged over a one year period from December 1986 to November 1987. The

data were first averaged in periods of four hours over a three-month interval in order to show

diurnal variations within a season. The data were also averaged across an entire three-month

period in order to show seasonal variations during the year-long measurement period.

The long-term averages of average amplitude and V1 presented here show the effects of the

earth-ionosphere waveguide on the propagation of radio noise. For example, the height and

conductivity of the ionosphere determine the rate at which the TEM wave attenuates with

frequency and the frequency at which higher modes begin to propagate. These effects are

apparent in our data. The noise amplitudes tend to decrease with increasing frequency due

to increased attenuation of the TEM wave. At 1-3 kHz and above, the QTE and QTM waves

begin to propagate and the noise amplitudes increase. The Vr values tend to increase with

increasing frequency indicating greater 'spikiness' in the noise. The prominent minimum of

V4 values around 1 kHz is probably due to the reduction of natural noise levels allowing the

measurement of local weak coherent signals.
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Figure 2. (Upper panel) Varition in average amplitudes of ELF/VLF noise at

Kochi, Japan, during Winter 1988. The maue nto have been averaged at

each frequency for the indicated four-hour UT interval. (Lower panel) Variation

in average amplitudes of ELF/VLF noise at Kochi, Japan, for Spring 1987.
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Figure 3. (Upper panel) Variation in average amplitudes of ELF/VLF noise at

Kochi, Japan, during Summer 1987. The measurements have been averaged at

each frequency for the indicated four-hour UT interval. (Lower panel) Variation

in average amplitudes of ELF/VLF noise at Kochi, Japan, for Autumn 1987.
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Figure 4. (Upper panel) Variation in average amplitudes of ELF/VLF noise at

Stanford, Californi a, during Winter 1986. The measurements have been averaged

at each frequency for the indicated four-hour UT interval. (Lower panel) Varia-

tion in average amplitudes of ELF/VLF noise at Stanford, California, for Spring

1987.
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Figure 5. (Upper panel) Variation in average amplitudes of ELF/VLF noise

at Stanford, California, during Summer 1987. The measurements have been

averaged at each frequency for the indicated four-hour UT interval. (Lower panel)

Variation in average amplitudes of ELF/VLF noise at Stanford, California, for

Autumn 1987.
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Figure 6. (Upper panel) Variation in average amplitudes of ELF/VLF noise at

L'Aquila, Italy, during Winter 1986. The nmeasu:ements have been averaged at

each frequency for the indicated four-hour UT interval. (Lower panel) Variation

in average amplitudes of ELF/VLF noise at L'Aquila, Italy, for Spring 1987.
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Figure 7. (Upper panel) Va-iation in average amplitudes of ELF/VLF noise at

L'Aquila, Italy, during Summer 1987. The measurements have been averaged at

each frequency for the indicated four-hour UT interval. Insufiicient data were
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Figure 8. (Upper panel) Variation in average amplitudes of ELF/VLF noise

at Dunedin, New Zealand, during Winter 1986. The measurements have been

averaged at each frequency for the indicated four-hour UT interval. (Lower panel)

Variation in average amplitudes of ELF/VLF noise at Dunedin, New Zealand,

for Spring 1987.
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Figure 9. (Upper panel) Variation in average amplitudes of ELF/VLF noise
at Dunedin, New Zealand, during Sunruner 1987. The measurements have been
averaged at each frequency for the indicated four-hour 'ui" interval. Insufficient

data were available at Dunedin for Autuimn 1987.
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Figure 10. (Upper panel) Variation in average amplitudos of ELF/VLF noise

at Sondrestrnm/fjord, Greenland, during W',ter 1986. "1. aaurements have

been averaged at each frequency for the indicated four-hour UT interval. (Lower

panel) Variation in average amplitudes of ELF/VLF noise at SondrestrorTnord,

Greenland, for Spring 1987.
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Figure 11. (Upper panel) Variation in average amplitudes of ELF/VLF noise

at Sendrestremfjord, Greenland, during Autumn 1987. The measurements have

been averaged at each frequency for the indicated four-hour UT interval. No data

were available at Sendrestremfjord for Summer 1987.
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Figure 12. (Upper panel) Variation in average amplituda of ELF/VLF noise at

Thule, Greenland, during Winter 1986. The measurements have been averaged

at each frequency for the indicated four.hour UT interval. Measurements made

during hours of ionosonde operation have been excluded. (Lower panel) Variation

in average amplitudes of ELF/VLF noise at Thule, Greenland, for Spring 1987.

24



¶0' •1

I OP
" 10' ..

--m4 Avg

-4b-008l Avg

t. -*-1d4*2 Avg

oe -4-1-WU A.1
&MUAvg

10.1

100' 1o0 1o' 1' 10'
Frequency (Hz)

10" ....... ,........ .....................-

Z 10'

.9 to' Ao10' -GP-".f Avg

10i.~dJ Avg

AvgW 0'

06o' 10' lo' 1' 10'
Frequency (Hz)

Figure 13. (Upper panel) Variation in average amplitude, of ELF/VLF noise at

Thule, Greenland, during Summer 1987. The measurements have been averaged

at each frequency for the indicated four-hour UT interval. Measurements made

during hours of ionosonde operation have been excluded. (Lower panel) Variation

in average amplitudes of ELF/VLF noise at Thule, Greenland, for Autumn 1987.
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Figure 14. (Upper panel) Variation in average amplitudes of ELF/VLF noise

at Arrival Heights, Antarctica, during Winter 1986. The memsurements have

been averaged at each frequency for the indicated four-hour UT interval. (Lower

panel) Variation in average amplitudes of ELF/VLF noise at Arrival Heights,

Antarctica, for Storing 1987.
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Figure 15. (Upper panel) Varation in average amplitudes of ELF/VLF noise

at Arrival Heights, Antarctica, during Summer 1987. The measurements have

been averaged at each frequency for the indicated four-hour UT interval. (Lower

panel) Variation in average amplitudes of ELF/VLF noise at Arrival Heights,

Antarctica, for Autumn 1987.
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Figure 16. (Upper panel) Variation in average amplitudes of ELF/VLF noise at

Kochi, Japan, during the 1986-1987 year. The me",remets have been averaged

at each frequency for the indicated season. (Lower panel) Variation in average

amplitudes of ELF/VLF noise at Stanford, California, for the 1986-1987 year.
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Figure 17. (Upper panel) Variation in average amplitudes of ELF/VLF noise

at L'Aquila, Italy, during the 1986-1987 year. The measurements have been

averaged at each frequency for the indicated seaamn. (Lower panel) Variation in

average amplitudes of ELF/VLF noise at Dunedin, New Zealand, for the 1986-

1987 year.
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Figure 19. (Upper panel) Variation in average amplitudes of ELF/VLF noise at
Arrival Heights, Antarctica, during the 1988-1987 year. The measurements have

been averaged at each frequency for the indicated season.
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Figure 20. (Upper panel) Variations in Vj amplitudes of ELF/VLF noise at

Kochi, Japan, during Winter 1986. The measurements have been averaged at

each frequency for the indicated four-hour UT interval. (Lower panel) Variations

in V4 of ELF/VLF noise at Kochi, Japan, for Spring 1987.
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Figure 21. (Upper panel) Variations in the V4 statistic for ELF/VLF noise

measured at Kochi, Japan, during Summer 1987. The measurements have been

averaged at each frequency for the indicated four-hour UT interval. (Lower panel)

Variations in the V4 statistic for ELF/VLF noise measured at Kochi, Japan, for

Autumn 1987.
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Figure 22. (Upper panel) Variations in the Vd statistic for ELF/VLF noise

measured at Stanford, California, during Winter 1986. The measurements have

been averaged at each frequency for the indicated four-hour UT interval. (Lower

panel) Variations in the Vj statistic for ELF/VLF noise measured at Stanford,

California, for Spring 1987.
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Figure 23. (Upper panel) Variations in the 1'd statistic for ELF/VLF noise

measured at Stanford, California, during Summer 1987. The measurements have

been aver~iged at each frequency for the indicated four-hour UT interval. (Lower

panel) Variations in the 1'j statistic for ELF! VLF noise measured at Stanford,

California, for Autumn 1987.
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Figure 24. (Upper panel) Variations in the V4 statistic for ELF/VLF noise

measured at L'Aquila, Italy, during Winter 1986. The measurements have been

averaged at each freqienc,v for the indicated four-hour UT interval. (Lower panel)

Variations in the V4 statistic for ELF/VLF noise measured at L'Aquila, Italy, for

Spring 1987.
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Figure 25. (Upper panel) Variations in the Vd statistic for ELF/VLF noise

measured at L'Aquila, Italy, during Summer 1987. The meaurements have been

averaged at each frequency for the indicated four-hour UT interval. Insufficient

data were available at L'Aquila for Autumn 1987.
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Figure 26. (Upper panel) Variations in the Vt statistic for ELF/VLF noise

measured at Dunedin, New Zealand, during Winter 1986. The measurements

have been averaged at each frequency for the indicated four-hour UT interval.

(Lower panel) Variations in the Vd statistic for ELF/VLF noise mcaaured at

Dunedin, New Zealand, for Spring 1987.
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Figure 27. (Upper panel) Variations in the Vd statistic for ELF/VLF noise

measured at Dunedin, New Zealand, during Summer 1987. The measurements

have been averaged at each frequency for the indicated four-hour UT interval.

Insufcient data were available at Dunedin for Autumn 1987.
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Figure 28. (Upper panel) Variations in the 1/j statistic for ELF/VLF noise mea-

sured at Sendrestremfjord, Greenland, during Winter 1986. The measurements

have been averaged at each frequent-" for the indicated four-hour UT interval.

(Lower p..el) Variations in the V/ statistic for ELF/VLF noise measured at

Sondrestrenfjord, Greenland, for Spring 1987.
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Figure 29. (Upper panel) Variations in the Vj statistic for ELF/VLF noise me&-

seud at Sondrestrmfjord, Greenland, during Autumn 1987. The measurements

have been averaged at owc frequency for the indicated four-hour UT interval.

No data were available at Sondrestromfjord for Summer 1987.
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Figure 80. (Upper panel) Variations in the Vd statistic for ELF/VLF noise mea-

sured at Thule, Green'lad, during Winter 1986. The measurements have been av-

eraged at each frequency for the indicated four-hour UT interval. Measurements

made during hours of ionosonde operation have been excluded. (Lower panel)

Variations in the Vd statistic for ELF/VLF noise measured at Thule, Greenland,

for Spring 1987.
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Figure 31. (Upper panel) Variations in the Vj statistic for ELF/VLF noise

measured at Thule, Greenland, during Summer 1987. The measurements have

been averaged at each frequency for the indicated four-hour UT interval. Mea-

surements made during hours of ionosonde operation have been excluded. (Lower
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Figure 32. (Upper panel) Variations in the V4 statistic for ELF/VLF noise

measured at Arrival Heights, Antarctica, during Winter 1986. The measurements

have been averaged at each frequency for the indicated four-hour UT interval.

(Lower panel) Variations in the V4 statistic for ELF/VLF noise measured at

Arrival Heights, Antarctica, for Spring 1987.
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Figure 33. (Upper panel) Variations in the Vd statistic for ELF/VLF noise mea-

sured at Arrival Heights, Antarctica, during Summer 1987. The measurements

have been averaged at each frequency for the indicated four-hour UT interval.

(Lower panel) Variations in the Vj statistic for ELF/VLF noise measured at

Arrival Heights, Antarctica, for Autumn 1987.
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Figure 34. (Upper panel) Variations in the Vd statistic for ELF/VLF noise mea-

sured at Kochi, Japan, during the 1986-1987 year. The measurements have been

averaged at each frequency for the indicated season. (Lower panel) Variations

in the Vj statistic for ELF/VLF noise measured at Stanford, California, for the

1986-1987 year.
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Figure 35. (Upper panel) Variations in the V4 statistic for ELF/VLF noise

measured at L'Aquila, Italy, during the 1986-1987 year. The measurements

have been averaged at each frequency for the indicated season. (Lower panel)

Variations in the V4 statistic for ELF/VLF noise measured at Dunedin, New

Zealand, for the 1988-1987 year.
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Figure 36. (Upper panel) Variations in the Vd statistic for ELF/VLF noise

measured at Sondrestrom/jord, Greenland, during the 1986-1987 year. The

measurements have been averaged at each frequency for the indicated season.

(Lower panel) Variations in the V4 statistic for ELF/VLF noise measured at

Thule, Greenland, for the 1986-1987 year. Measurements made during hours of

ionosonde operation have been excluded.
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Figure 37. (Upper panel) Variations in the Vlr statistic for ELF/VLF noise

measured at Arrival Heights, Antarctica, during the 1986-1987 year. The mea.

surements have been averaged at each frequency for the indicated season.
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